Abstract: A number of six-membered cyclic carbamates (oxazinanones) were synthesized from the reaction of a primary amine or hydrazine with a dicarbonate derivative of 1,3-diols in a one-pot reaction, in good yield, short time span, and in the absence of a solvent. The reaction proceeds in two steps: an intermolecular reaction to give a linear intermediate and an intramolecular cyclization to yield the cyclic carbamate. This is the first example of a carbonate reacting selectively and sequentially, firstly at the carbonyl center to form a linear carbamate and then as a leaving group to yield a cyclic carbamate.
INTRODUCTION
Carbamates are an important class of compounds widely used in the synthesis of pesticides [1] , fungicides and herbicides [2] , pharmaceuticals [3] , intermediates in the fine chemical sector [4] , polyurethanes [5] , and as a protecting group [5] . On the other hand, cyclic carbamates are less well known. Although they have been utilized in polymerization reactions [6] , it is their biological activity as antibacterials [7] , anticonvulsants [8] , antiepileptics [9] , and enzyme inhibitors [10] that is of most interest. More specifically, oxazinan-2-ones ( Fig. 1) , first reported by Dox and Yoder [11] , are interesting compounds with a variety of applications, most notably as a route to 1,3-amino alcohols [12, 13] , as chiral auxiliaries [14] , and as the core substructure in a number of biologically active compounds [15] .
Industrial routes to carbamates and cyclic carbamates rely upon phosgene chemistry [16] , which is not desirable owing to its toxicity and environmental impact [17] . A number of routes have been found to five-and six-membered carbamates although they mostly employ isocyanates [12] halides [6, 7, 18] , or require allylic amines [19] and allylic carbamates as starting material [13] . All such syntheses involve complex starting materials and/or multistep reactions. More recently, oxazinanones have been formed utilizing CO 2 as carbonylating agent, although the reactions required amino alcohols as starting material and involved stoichiometric or greater quantities of phosphosylating agents or halogen-based electrophiles [20] . A second amino alcohol and CO 2 -based reaction utilizing ceria nanoparticles as catalyst offers a greener route to cyclic carbamates, but requires high-pressure reactions over a long time period to give moderate yields [21] . Both reaction schemes preferentially form fivemembered rings [20, 21] . Other green routes to oxazinanones employ reactions between diamines/amino alcohols and ureas [22] , which occur in good yields but are limited by the availability/ease of synthesis of the starting materials. Routes to such compounds starting from amines are rare and generally require multiple steps [11, 23] . A procedure has been developed to synthesize oxazinanones from a primary amine in one step, but it requires a stochiometric addition of dihalo alkanes [24] .
In the last 20 years, dimethyl carbonate (DMC) and its derivatives have become well-known substitutes for phosgene and alkyl halides [25] and have been shown to effectively react with aliphatic [26, 27] and aromatic [27, 28] amines and hydrazines [29] to give a wide range of carbamates and methyl amines. DMC is a green reagent and solvent produced industrially by CO 2 insertion into an epoxide, followed by cleavage of the resulting cyclic carbonate with methanol [30] . It has been shown to be effective for intramolecular cyclization of diols [31] through its ambiphilic electrophile properties, which can be explained through the Hard-Soft Acid-Base (HSAB) theory [32] . The reactivity of the two electrophilic centers of DMC can be selectively tuned, temperature being the key factor. In particular, at reflux temperature (T = 90 °C) DMC acts as methoxycarbonylation agent by B Ac 2 mechanism while at higher temperature (T > 150 °C) the methylation reaction occurs via the B Al 2 mechanism [33]. Both reactions require catalytic amount of base and produce as by-product only methanol and eventually CO 2 [33] .
In this work, we report the reaction between an amine and dicarbonate derivative of 1,3-, 1,4-, and 1,5-diols as a halogen-free route to cyclic carbamates through intermolecular cyclization. This is the first time that a carbonate has been reacted selectively and sequentially, firstly acting as a methoxycarbonylating agent and secondly acting as a leaving group to form a cyclic carbamate.
EXPERIMENTAL SECTION

General procedure for the synthesis of dialkyl carbonates 1-2 and 11-12
In an oven-dried 500-mL round bottom flask was added the selected diol (0.13 mol) in DMC (2.62 mol), followed by K 2 CO 3 (0.26 mol). The contents were heated to 90 °C and refluxed for 7 h. After cooling, the product was filtered and the solvent removed under vacuum to yield the dicarbonate as a colorless oil.
Dimethyl-propane-1,3-diyl-dicarbonate 1: (130 mmol, yield = 100 %), 1 
General procedure for the synthesis of oxazinanones 3-4 and 13-16
In an oven-dried 50-mL round bottom flask equipped with a magnetic stirrer bar and condenser was added the selected amine (10 mmol) and the selected dicarbonate (10 mmol), which were reacted at 90°C for 2 h in the presence of tBuOK (1.12 g, 10 mmol). The reaction was then quenched with water (5 mL) and the mixture extracted with dichloromethane (2 × 10 mL), dried sodium sulfate and the solvent removed under vacuum to give an oil.
3-Benzyl-1,3-oxazinan-2-one 3: Crude product was then purified via column chromatography on silica using diethyl ether to remove the by-products and then methanol to give a yellow solid which was recrystallized in diethyl ether to give a white crystalline solid (purity confirmed by NMR) ( 
By-products 5-9
By-products 5-9 were isolated from a number of combined samples via column chromatography on silica using a gradient solvent system of 2:1 hexane:diethyl ether through to diethyl ether. 3-Phenylamino-1,3-oxazinan-2-one 13: Crude product was precipitated out in diethyl ether (15 mL) and filtered to give yellow crystals, which were then recrystallized in propan-2-ol (5 mL), filtered and washed with diethyl ether (2 × 10 mL) to give a white crystalline product (purity confirmed by NMR) (0.583 g, 3.04 mmol, yield = 30 %), mp 143. 5 3-Phenyl-1,3-oxazinan-2-one 15: Crude product was precipitated out in diethyl ether (20 mL) and filtered to give off-white crystals, which were then recrystallized in propan-2-ol (5 mL), filtered, and washed with diethyl ether (2 × 10 mL) to give a white crystalline product (purity confirmed by NMR) (0. 
Crystal structure determination of compounds 13-16
Crystals were lodged in glass capillaries and centered on a four-circle diffractometer using graphite monochromated MoKα radiation (0.71073 Å), at room temperature, following the standard procedures. The structures were solved by standard direct methods [40] and subsequently completed by Fourier syntheses. Non-hydrogen atoms were refined anisotropically. The hydrogen atoms were introduced at the calculated positions with fixed isotropic thermal parameters (1.2 U equiv of the parent carbon atom). In compound 14, the disordered carbon atom C(2) was refining in two positions with an occupation factor of 0.5. Structure refinement and final geometrical calculations were carried out with SHELXL-97 program [41] , implemented in the WinGX package [42] , and drawings were produced using ORTEP-3 [43] . The data collection and structure solutions parameters are listed in the supporting information.
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RESULTS AND DISCUSSION
In the experiments here reported, primary aliphatic or aromatic amines or phenylhydrazine were reacted with dimethyl propane-1,3-diyl dicarbonate 1 and dimethyl 2-methyl-propane-1,3-diyl dicarbonate 2 in the presence of a base and in the absence of a solvent. The two steps of the reaction are clearly depicted in eqs. 1 and 2 of Scheme 1.
According to the HSAB theory, in the first step (eq. 1) the amine behaves as a hard nucleophile and proceeds through a B Ac 2 pathway. The base removes a proton from the amonium-cation in the tetrahedral intermediate, promoting a methoxy anion as a leaving group and leading to the formation of the carbamate. In the second step (eq. 2), the base removes the proton from the nitrogen, producing a delocalized anion, which is softer in character and thus undergoes nucleophilic displacement of the carbonate group through a B Al 2 intramolecular cyclization pathway, leading to the cyclic carbamate.
Reaction of benzylamine with dimethyl-2-methyl-propane-1,3-diyl dicarbonate 2
Benzylamine was chosen as starting material and reacted with dicarbonates 1 and 2, giving 3-benzyl-1,3-oxazinan-2-one 3 and 3-benzyl-5-methyl-1,3-oxazinan-2-one 4, respectively (Scheme 2).
In addition to the 1,3-oxazinan-2-ones 3 and 4, several by-products are also formed as a result of numerous concurrent reactions (Table 1) . By-products derived from the reaction of benzylamine with dicarbonate 2 (Scheme 2) have been separated and identified as pure (Fig. 2) . In particular, they include: methyl N-benzylcarbamate 5, 3-hydroxy-2-methylpropyl N-benzylcarbamate 6, 1,3-dibenzylurea 7, methyl 2-methyl-3-(benzylcarbamoyl)propyl carbonate 8, and 2-methylpropane-1,3-dibenzylcarbamate 9. Table 1 shows the results observed for the reaction of benzylamine with the dicarbonate 2 using different bases (entries 1-5), performing the reaction at differing temperatures (entries 6 and 7) or changing the equivalents of base (entries 8 and 9) or of dicarbonate 2 (entries 10 and 11).
Initial work was carried out utilizing different bases. Results collected showed that utilizing no base or a weak base, a reaction time of 18 h was needed to give a good conversion of the amine (>75 %) although a small amount of cyclic product was observed (Table 1, entries 1-3) .
In these conditions numerous additional by-products were observed, each formed in low yield. Noteworthy, the intermediate 8 of the cyclic product, produced in the initial step of the reaction (Scheme 1), is formed at highest yield under these conditions. Here, intramolecular nucleophilic displacement of the methyl carbonate to give the cyclic product 4 is not favorable, thus the cyclization reaction proceeds slowly. On the other hand, when a strong base was used, the cyclic product was obtained in 64 % yield and in only 2 h (Table 1, entry 5). The best results were observed employing potassium tert-butoxide. Sodium methoxide was shown to be less effective as the methoxy anion can partake in a competitive reaction with the methyl carbonate giving DMC (Scheme 3), which in turn reacts readily with the amine to give methyl N-benzyl carbamate 5. When potassium tert-butoxide was used, the bulky nature of its related anion inhibits such parasitic reactions [34] . In fact, entry 4 shows that 5 is formed in 40 % yield in the presence of sodium methoxide ( Table 1 , entry 4), but only in 17 % yield using potassium tert-butoxide (Table 1 , entry 5). The carbamate 5 can also be formed by reaction of benzylamine reacting with the dicarbonate 2 giving the monocarbonate 10 as leaving group instead of methanol (Scheme 4).
The monofunctional carbonate 3-hydroxy-2-methylpropyl methyl carbonate 10 (Schemes 3 and 4) promotes the formation of many unwanted by-products. In fact, the carbamate 6 is formed through the reaction of benzylamine with 10 giving methanol as the leaving group (Scheme 5). This by-product can also form through transesterifcation of linear ureathanes with 2-methyl-1,3-propanediol.
When tert-butoxide is employed, it probably behaves primarily as a base, extracting a proton from the tetrahedral intermediate, which ultimately results in the formation of the cyclic product (Scheme 6). The more hindered nature of the base limits its activity as a nucleophile and thus it might partake in the B Ac 2 transesterification reactions at a lower rate (Scheme 5), so improving the yield of the cyclic carbamate.
When the amount of tert-butoxide (entry 8) is diminished, the level of conversion remains high, but the yield of cyclic product 4 decreases as other by-products increase, most notably 2-methylpropyl-1,3-dibenzylcarbamoyl 9. The compound 9 is thought to be formed by displacement of the methylcarboxy moiety of the intermediate 8 by benzylamine before cyclization can occur (Scheme 7).
When increasing the loading of tert-butoxide (entry 9), a lower conversion is observed, suggesting that the products of the reaction are susceptible to degradation in strong basic conditions. Utilizing an excess of benzylamine (entry 10), the yield of cyclic product 4 decreases, while the yield of by-products 7 and 9 increases. This is as both the compound 7 and 9 are formed through the reaction of benzylamine with a by-product already incorporating an aromatic group (Schemes 7 and 8).
An excess of dicarbonate 2 (entry 11), most likely shifts the equilibrium shown in Scheme 1 (eq. 1) increasing the yield of the cyclic intermediate 8. Besides, the yield of the carbamate 6 decreases as the cyclic intermediate 8 increases.
All of the above listed major by-products (5-9) are formed as a result of the numerous competitive parasitic reactions that can occur together with the cyclization. However, by-product formation can be controlled by changing the reaction conditions. The results observed on the reactions of the by-products and the effect they have upon the formation of the cyclic carbamate 4 may justify the reaction mechanism reported in Scheme 1. More detailed studies are ongoing to better understand the complexity of the reaction, to further increase the yield of the cyclic product 4, and so to exploit new applications of this cyclization reaction pathway.
It is noteworthy that when the reaction was carried out in two steps (as indicated in Scheme 1), the reaction of the intermediate 8 with potassium tert-butoxide [35] gives only a 32 % yield of the corresponding cyclic compound 4 [36] . The reasons for such a low yield are not yet clear at the moment; optimization of the reaction in two steps is under investigation. The mechanism here proposed is further supported by the observation that similar cyclization reactions involving benzylamine, aniline, and phenylhydrazine with dicarbonates derived from butan-1,4-diol and pentan-1,5-diol did not yield cyclic products (Scheme 9). This indicates that the B Al 2 nucleophilic displacement shown in Scheme 1 (eq. 2) is most likely the reaction-determining step for the formation of the cyclic compound and is evidently controlled by entropic effects.
Other cyclization reactions of benzylamine, aniline, and phenyl hydrazine with dicarbonates 1 and 2
This investigation was extended to different starting compounds. Table 1 shows that the best conditions for synthesis of the cyclic carbamate are a 1:1:1 ratio of amine:dicarbonate:potassium tert-butoxide reacted at 90 °C.
Consequently, these same conditions were used to synthesize unsubstituted cyclic carbamates by employing the dicarbonate 1 in place of 2. Additionally, phenylhydrazine was used as starting material to investigate the synthesis of cyclic carbamates. This is not obvious since in phenylhydrazine, the two nitrogen atoms are in competition and might produce a seven-membered ring system. Finally, aniline was also selected to study the reactivity of a primary aromatic amine in such cyclization reactions. Accordingly, the two carbonates 1 and 2 were reacted with benzylamine, phenyl hydrazine, and aniline (Scheme 10), and the results are reported in Table 2 . Table 2 shows that synthesis of oxazinanones from aromatic amines and hydrazines is also possible utilizing dicarbonates 1 and 2. Under such conditions, the terminal amine of hydrazine reacts selectively while the other nitrogen remains unreacted. The formation of both unsubstituted and substituted cyclic carbamates was also achieved in appreciable yield. The physical characteristics and NMR spectra of compounds 15 and 16 are coherent with data already reported in the literature [12] . The observed conversion of aniline into its cyclic derivative ( Table 2 , entries 5 and 6) is lower than that of hydrazine or benzylamine as usually the aromatic amines are weaker nucleophiles than aliphatic ones and as such do not react as readily [37] . It should be noted that although the yields obtained are comparable to those already reported in the literature, the proposed synthetic pathway is greener, simpler, and faster, and it utilizes inexpensive, readily available starting materials [11, 12] .
X-ray diffraction data
It was possible, by the slow evaporation of a 50:50 diethyl ether:dichloromethane solution, to grow crystals of the cyclic carbamates suitable for X-ray analysis. The cyclic products of phenylhydrazine; 3-phenylamino-1,3-oxazinan-2-one 13, 5-methyl-3-phenylamino-1,3-oxazinan-2-one 14, and of aniline; 3-phenyl-1,3-oxazinan-2-one 15, 5-methyl-3-phenyl-1,3-oxazinan-2-one 16 gave crystals suitable for analysis by single-crystal X-ray diffraction. Contrarily, the cyclic products from benzylamine gave low melting point crystals in the case of 3-benzyl-1,3-oxazinan-2-one 3, and a viscous oil in the case of 3-benzyl-5-methyl-1,3-oxazinan-2-one 4. The crystal structures of 1,3-oxazinan-2-ones 13 and 16 are reported in Figs. 3 and 4 , respectively.
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CONCLUSIONS
Six-and seven-membered cyclic carbamates are not extensively investigated, most likely as a result of their phosgene-driven synthesis. For the first time, a method for the halogen-free synthesis of oxazinanones from primary amines and hydrazines via inter/intramolecular cyclization in reasonable yields is here reported. In some cases, confirmation of the structure of the oxazinanones has been achieved by single-crystal X-ray diffraction measurements. This is the first time that a carbonate has been reported to react with an amine selectively and sequentially to form a cyclic carbamate. The reaction is described as an intermolecular cyclization in terms of the one-pot nature of the reaction, with two separate molecules reacting to give the cyclic carbamate. However, the reaction of the intermediate seen in the second step of the reaction (Scheme 1), forms the cyclic product via an intramolecular mechanism. In comparison with the results already reported [24] , this method allows the reaction of aromatic amines and permits the functionalization of the oxazinanone ring. The low-cost and easily available starting materials, coupled with the green reaction pathway, could allow the exploitation of this methodology, leading to further and wider applications of this class of compounds and to the preparation of 1,3-amino alcohols (after hydrolysis of the cyclic carbamate). The yields, in many cases better than those already reported in the literature [11, 12] , are, at the moment, subject to improvement as several parameters can influence the reaction outcome and deserve further optimization, i.e., the nature and the amount of the base used. This cyclization represents a step forward in halogen-free chemistry, presenting an intrinsically clean, solvent-free approach to the synthesis of oxazinanones. Computational and thermodynamic studies are also ongoing to fur- Cyclic carbamates via dialkyl carbonate chemistry 717 Fig. 3 X-ray crystal structure 3-phenylamino-1,3-oxazinan-2-one 13 (only one position of the disordered (C2) carbon atom is reported, the numbering scheme is arbitrary). ther our understanding of the reaction pathway. Additionally, comparisons of this pathway to those already known [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] through green chemistry metrics are also in progress.
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